Purpose The purpose of this study was to review the role of radioactive microparticles (1-100 μm) for the treatment of solid tumors and provide a comprehensive overview of the feasibility, safety, and efficacy. Methods A systematic search was performed in MEDLINE, EMBASE, and The Cochrane Library (January 2017) by combining synonyms for the determinants Btumor,^Binjection,â nd Bradionuclide.^Data on injection technique, toxicity, tumor response, and survival were collected. Results The search yielded 7271 studies, and 37 were included for analysis. Twelve studies were performed in human patients and 25 animal studies. The studies were heterogeneous in patient population, tumors, follow-up time, and treatment characteristics. The direct intratumoral injection of radioactive microparticles resulted in a response rate of 71% in a variety of tumors and uncomplicated procedures with high cumulative doses of >19,000 Gy were reported. Conclusion The large variety of particles, techniques, and treated tumors in the studies provided an important insight into issues concerning efficacy, safety, particle and isotope choice, and other concepts for future research. Animal studies showed efficacy and a dose response. Most studies in humans concluded that intratumoral treatment with radioactive beta-emitting microparticles is relatively safe and effective. Conflicting evidence about safety and efficacy might be explained by the considerable variation in the treatment characteristics. Larger particles had a better retention which resulted in higher anti-tumor effect. Leakage seems to follow the path of least resistance depending on anatomical structures. Subsequently, a grid-like injection procedure with small volume depots is advised over a single large infusion. Controlled image-guided treatment is necessary because inadequate local delivery and inhomogeneous dose distribution result in reduced treatment efficacy and in potential complications.
Introduction
Interventional oncology is an emerging field in cancer care that has the potential to complement existing treatment modalities. Today, various image-guided interventions have an active role in the palliative cancer treatment setting [1] [2] [3] . Driven by technical innovation, new image-guided treatment solutions are continuously developing. Interventional oncology techniques, using microspheres or Bmicrobrachytherapy,ĥ ave potential benefits, including minimal invasive delivery, outpatient treatment, and improved (progression-free) survival and quality of life [4, 5] . The high-absorbed dose of betaradiation enables a local tumor-ablative effect while the limited penetration depth of maximum 2-11 mm (Table 1) minimizes side effects.
The aim of this literature study was to review the potential role of beta-emitting microparticles for intratumoral (IT) treatment of solid malignant neoplasms. A comprehensive overview of the technical aspects and the characteristics of commonly used radionuclides are provided. Finally, recommendations for further investigation are formulated.
Methods

Protocol and registration
Methods of the analysis and inclusion criteria were specified in advance and documented in a protocol registered in an international prospective register of systematic reviews (PROSPERO) [6] .
Eligibility criteria
Type of studies: There were no restrictions based on study design, setting, timing, and publication date or publication status. Only full-text articles reported in the English language were included. Studies that examined human or veterinary patients or animal models with solid tumors were included. There were no restrictions on tumor size, type, or location. The administration of the radioactive microparticles had to be performed directly into the tumor. Particles sized between 1 and 100 μm fulfilled our definition of microparticles ( Fig. 1) , and the particles had to emit beta-radiation. Combined treatment regimens with external beam radiotherapy (EBRT) or chemotherapy were also included. Local treatments after incomplete tumor resections were excluded.
Endpoints included technical details (particle size, injection method, and the amount of injection fluid), biodistribution (retention, IT distribution, and leakage of activity), safety (local and systemic adverse events), and efficacy. 
Search
For this review, the electronic databases MEDLINE, EMBASE, and Cochrane Library were searched from dates of inception until January 1, 2017. To ensure literature saturation, the reference lists and citing articles of included studies or relevant reviews identified through the search were scanned. The full search strategy is listed in the Appendix.
Study selection
The records derived from the search were assessed for eligibility by the author (R.B.) on the titles and abstracts. Full-text manuscripts were screened for all titles that met the inclusion criteria. The reasons for exclusion were recorded. The risk of bias was assessed according to the Newcastle-Ottawa scale to ascertain the validity of eligible trials [7] .
Data extraction
The data included (1) methodology, (2) participant details, (3) intervention details, and (4) treatment effect and side effects.
Results
After the removal of duplicates, 7271 records remained out of 10,247 initial records. Of these, 7151 publications did not meet the criteria after reviewing the title and abstract. Subsequently, 22 of the 120 publications were discarded because full text was not available (n = 2), not in the English language (n = 9), or conference abstract or poster (n = 11). The full texts of the remaining 98 studies revealed another 68 studies that did not meet the inclusion criteria. Two additional studies were excluded because of preliminary data and double publication. Cross-referencing identified nine additional studies that fulfilled the inclusion criteria. A total of 37 studies (performed between 1962 and 2014) were included in this review (Fig. 2) .
Characteristics and quality of included studies
Twelve studies described the use of beta-emitting microparticles in humans, 23 studies a single animal model, a single study two species, and a single study was performed in veterinary patients. In humans, only one randomized clinical trial was conducted, six cohort studies and five case series. In total, 183 human patients were treated, including a large variety of malignancies, all refractory to other treatments. The used animals in the tumor model studies were mice (13/24), rats (10/24), and rabbits (2/24). Microbrachytherapy in animals was performed in relatively small tumors (±1 cm), as larger tumors are considered not ethically feasible in small rodent models. The tumors were implanted subcutaneously (n = 15) or in the organ of origin (orthotopically) (n = 7), or were chemically induced (n = 2) [8, 9] . Furthermore, a case series of three feline veterinary patients with a large spontaneous tumor in the liver were treated [5] . The quality of evidence was poor, primarily by design and number of participants. Furthermore, the large variety of microparticles, treatment methods, tumor type, and location made a proper systematic comparison impossible. Therefore, a more descriptive approach was necessary.
Type of microparticles
Microspheres (MS) [10] [11] [12] [13] [14] and chromic phosphate particles (CPP) were used in five and seven human studies, respectively [15] [16] [17] [18] [19] [20] [21] (Table 2 ). In the 25 animal studies including the study in veterinary patients, a similar division between MS [5, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] (n = 15) and CPP [8, 9, [36] [37] [38] [39] [40] (n = 7) was made, with some additional microparticles like 188 Re sulfide particles (n = 2) [41, 42] and labeled MAA particles [43] (Table 3) .
The MS were initially made of inert materials such as ceramics/glass, acetylacetonate [5, 31, 32] , resin [24, 29] , and plastics [10] [11] [12] [13] . Nowadays, a large variety of biodegradable MS exists made of biosilicon [14, 28] and gelatin [33, 34] . The currently used MS are often chemically stable for at least the time that they remain radioactive, about 5-10 times the halflife of the incorporated isotope [14] . Thus, the minimum stability depends on the radioisotope; e.g.,
90
Y MS with a halflife of 2.6 days must be stable for at least 13 days and 166 Ho with a half-life of 1.1 days at least 5.5 days. In most studies, stability was much longer than minimally required [31, 34] .
The second group consisted of CPP with phosphorus-32 ( 32 P). These particles were mostly used in the treatment of hemophilic arthropathy or natural cavities with malignant effusion. The main reason for a direct IT approach with these particles was the inability to deliver sufficient absorbed doses with systemic radioimmunotherapy [40] . In addition to the 32 P CPP, 188 Re sulfide particles were fabricated, with the advantage of easier production by generator and the possibility of SPECT imaging of the gamma radiation [42] .
Particle size
In the included studies (see Tables 1 and 2) , different particle sizes were used. Only one study investigated the preferred microparticle size for IT ablation [41] . In that study, two suspensions of 188 Re sulfide particles with a particle size distribution of 70.1% of 1-5 μm and 19.8% of 5-10 μm particles compared to 86.6 and 10.9%, respectively, were injected in a sarcoma model with a diameter of 1 cm in Kunming mice [41] . The IT retention was higher for the larger particles at various time points (Fig. 3) . A similar trend was observed in other studies that investigated the kinetics of IT injected microparticles compared to sub-micron [35] , nanoparticles [9] , or the effect of the addition of larger particles [40] .
The effect of particle size on distribution, retention, elimination, and efficacy was clearly displayed in a study of five different sized phosphorus-32 ( 32 P) compounds in 89 Sprague-Dawley rats with chemically induced breast tumors [9] . Thirty-two days after injection, an IT retention of radioactivity was found of 2.51 ± 0.39% for molecular 32 P sodium orthophosphate (<1 nm), while 10-30 nm CPP had a retention of 28.93 ± 1.30%. The retention further increased for 30-70 nm (49.82 ± 5.41%) and 0.6-1.3 μm (51.61 ± 5.82%) sized particles. Larger charcoal CPP of 2.5-4.0 μm had the best retention of 84.50 ± 2.50% after 32 days. The elimination was primarily through urine and feces and had an inverse relationship with particle size ranging from 85.90 to 12.70% of the injected dose, respectively. The anti-tumor efficacy improved with higher retention because the tumor size ratios (tumor diameter after 32 days/tumor diameter at the start) after 32 days were 4.9 in non-treated controls and 4.5, 1.4, 1.1, 0.9, and 0.6 for the treated tumors in increasing order of particle size.
Beta-emitting isotopes
Eight human studies used 32 P and four used 90 Y. These isotopes were often considered ideal by the authors because of their pure beta-emission. In animal studies, 131 I, 166 Ho, 186 Re, and 188 Re were used [44] . These isotopes also emit gamma radiation, which can be used for particle localization and quantitative imaging. None of the reviewed studies compared safety and efficacy between different radionuclides. Experience, production, biodistribution, imaging possibilities, pharmacokinetics, and clearance mostly defined preference [33, 42] . Besides these differences, relatively small differences in the energy spectrum, penetration depth, and half-life time exist. See Table 1 .
Technique
Due to the experimental nature of IT microbrachytherapy, no generally accepted standard administration method exists. Furthermore, most research was performed in small rodent tumor models, which are less informative for translation of the administration technique to the human situation. Therefore, the differences and similarities of the 12 reviewed human studies and the one treatment in veterinary patients will be described in the following paragraphs. These include differences in administration method, the amount of activity, the volume of injection, and imaging during and after administration.
Administration methods
The larger MS were most often injected using multiple manual injection locations (i.e., sub-milliliter volumes) in a grid-like pattern [13, 21] . The smaller CPP were also administered through a single infusion technique in which a larger volume up to 4.5 ml of 32 P CPP was administered in the tumor center, assuming that the pressure force would distribute the particles throughout the tumor [15] . Empirically, 5 cm was the largest tissue diameter satisfactorily covered by microparticles after a single infusion.
The specific characteristics of the needle used for IT injection were not frequently described. Needle sizes between 18 and 22G (outer diameter 1.2-0.7 mm) were commonly used percutaneously. In addition, an endoscopic ultrasound approach with a 22G needle was utilized in a published abstract [45] and unpublished trial (clinicaltrial.gov NCT00346281). Only a single study in eight humans with pancreatic tumors describes the use of a gel foam, which was injected through the 18G introducer needle to minimize back leakage and seal the needle tract [14] .
Volume of injection
No studies related the injected volume of fluid-suspended microparticles to the amount of leakage or distribution. The ideal amount of injected fluid to obtain the desired IT distribution is unknown. However, some suggested that larger fluid volumes might result in leakage of microparticles out of the tumor. Fig. 3 Intratumoral retention of rhenium-188 sulfide particles in Kunming mice with a sarcoma-180 tumor with a diameter of 1 cm. The larger particles (mix, 70.1% 1-5 μm; 19.8% 5-10 μm) showed a larger retention compared to the smaller particles (mix, 86.6% 1-5 μm; 10.9% 5-10 μm) [41] With a higher amount of volume (i.e., 4.5 ml), high resistance with a sudden release of syringe pressure was often felt during infusion [15] . Subsequently, radioactivity was detected outside the tumor, presumably due to tissue destruction and leakage to surrounding tissues [15] .
The amount of injection volume varied from 7 to 25% of the tumor volume in the most recent studies in pancreatic cancer [14, 21] . In liver tumors with a diameter of 2 to 8.8 cm, small (0.1-0.3 ml) volumes were used per location with a total maximum of 1.0-1.5 ml per treatment session [13] . Results obtained from non-particle intratumoral radionuclide therapies showed that larger volumes were associated with more side effects [46, 47] . In prostate cancer, 20-50 ml (equal to the prostate volume) was injected, which resulted in 55 adverse events like strictures, fistulas, and ulcers in the first 100 patients. In the subsequent 87 patients, only 2-3 ml injection fluid was used, and only eight events occurred. [46] .
Amount of activity/absorbed dose
The absorbed dose in tissue (Gray) varied from 120 to 19,300 Gy. A proper rationale for the injected activity or the desired absorbed dose was often missing. In a phase I study of 32 P CPP in 28 patients with unresectable pancreas tumors, a maximum of 1110 MBq for a single infusion was decided [15] . This empirically determined maximum was based on the expected limitation of the injection volume of 4.5 ml. This approach resulted in a maximum cumulative absorbed dose of 17,000 Gy. A more accurate dosing approach was applied in recent studies on pancreas cancer patients. However, the injected activity per gram (or cm 3 ) in the RCT with 32 P CPP and the cohort study with 32 P BioSilicon MS still varied with a factor of 4.6 (4 vs. 18.5 MBq/cm 3 tumor) [14, 21] .
Image-guided administration
The administration procedure was image guided in nine human studies. In most animal studies (n = 22), no imaging was used during the administration. In the veterinary patients and rabbit studies with liver tumors, ultrasound guidance (n = 2) was used, and a stereotactic frame was used in glioma-bearing rats. With CT or ultrasound, the tip of the needle was positioned at the desired location before administration. Some authors preferred ultrasound because this modality provided easy and real-time imaging during the actual injection [13] . During the injections of MS, echogenic spots were sometimes seen Bflowing^in some narrow, vessel-like gaps and sometimes even out of the tumor boundaries, especially after a fast, forceful injection [13] . Subsequently, shaking of the vial before administration, resulting in air bubbles, was used to visualize any major unexpected leakage outside the tumor during the injection on ultrasound [16] .
Outcomes
The primary outcomes of IT microbrachytherapy were safety and efficacy. However, a more fundamental understanding of this treatment is necessary, especially because the outcomes of safety and efficacy probably mostly depend on the distribution of the activity. Therefore, distributional data will be described first.
Distribution
Insufficient retention of radioactive microparticles leads to an insufficiently absorbed dose and therefore an ineffective treatment. However, apart from total absorbed dose, the IT distribution of activity throughout the tumor is crucial, as Bmissedp arts of the tumor will result in residual vital tumor. Leakage of activity, on the other hand, may lead to an unintended absorbed dose to healthy tissue and could potentially result in side effects.
Leakage
Several potential routes of leakage were identified, and a distinction was made between external leakage and internal leakage. External leakage from the syringe occurred twice during treatment of pancreatic tumors with 32 P CPP infusion due to high resistance in the tumor [16] . The authors experienced in an experiment, with 166 Holmium microsphere injections in ex vivo tissues, a needle disconnection from a Luer lock syringe after exerting high pressure to overcome tissue resistance. Another possible route of external leakage is injection canal leakage. Injection canal leakage was not described in the human or animal studies. However, in the study of eight humans with pancreatic tumors, the authors describe the use of a gel foam pledget/slurry which was injected through the introducer needle to minimize back leakage and seal the needle tract [14] .
Internal leakage to non-target tissues was divided in hematogenous or intravenous and intraductal leakage. In the majority of human [13, 15, 16] and animal [8, 9, 24, 35, 39, 43] studies, some degree of intravenous leakage or shunting of particles through the capillary bed was described. After the improved retention of CCP particles with an additional injection of larger 10-90 μm MAA particles, 56 vs. 90%, respectively, and the hypothesis of a vascular blockade, vascularity became an important variable for leakage.
32 P CCP 0.6-1.3 μm was injected in nude mice with human pigmented melanoma cell line (HBL) and a human squamous cell carcinoma cell line (SCC1); three to four times higher organ counting was found in SCC1 [39] . This phenomenon is probably explained by the difference in vascularity between HBL and SCC1 tumors, which contained 5.7 vs. 21.4 blood vessels/ mm 2 , respectively.
In
This study revealed a bi-phasic drainage of the injected particles out of the tumor. A fast wash-out phase, where the IT activity decreases to approximately 70% within 10 min, was followed by a slow decline in which IT activity falls to 60% of the initially injected activity at 48 h. The fast leakage was more pronounced in hypervascularized tumors with smaller particles, whereas the slow decline was independent of particle size and vascularity [35] .
In addition, the distribution of activity after IV leakage depends on the tumor location and particle size. In 33 liver cancer patients treated with 90 Y MS, a lung shunt of 9-20% of the injected activity was observed in six patients [13] . Similar shunts were observed after IT injections with 188 Re MS in rats with subcutaneous and liver tumors which resulted in trapped MS in the pulmonary capillary bed [24, 35] . Detected activity in the liver, after the treatment of the pancreas, was probably caused by venous shunting of CCP + MAA [15, 16] . However, small particles such as CCP (±1 μm) and 186 Resulfide particles (0.3 μm) can probably also pass through the capillary bed of the tumor and phagocytized in the reticuloendothelial system and therefore detected in the liver.
During the treatment of malignancies in the pancreas and liver, intraductal leakage and activity in the gastrointestinal tract were described. In the 48 patients with 32 P CCP infusion in pancreatic cancer, accidental needle placement and injection into the pancreatic duct occurred. Forty-eight hours after injection, all intestinal activity was excreted without gastrointestinal toxicity [15] . During the treatment of 33 patients with liver malignancies with 90 Y MS, a similar leakage was found in the intestines in four patients that disappeared within 1-2 days [13] .
Lymphatic drainage is an additional potential route which was however not observed in the reviewed studies. This wellknown route of tumor drainage is commonly used in the sentinel node procedure. The microparticles were presumably too large for drainage of significant amounts of radioactivity to the draining lymph nodes.
Safety
The safety and toxicity were closely related to the distribution. The safety or clinical complications were divided into local and systemic side effects. The experimental treatment was often performed in progressively ill patients [10] . The probability of a causal relationship between an event and treatment was therefore often difficult to determine. However, in general, the authors of both animal and human studies concluded that the treatment was safe.
A safety concern, which was not described in the clinical studies, was needle tract metastasis. This complication might have occurred in one animal study. After three thallium-201 injections in eight Fischer 344 rats with an orthotopic glioma model, five metastases occurred of which three were along the needle tract [48] . Whether this was due to disruption of natural barriers or by dragging cells into the needle tract was ambiguous.
Local side effects
A reported local side effect in eight pancreatic tumor patients treated with 32 P BioSilicon MS was pain at the injection site (n = 3) and the treated region (n = 1) which resolved within 1 or 2 days [14] . Similar results were found with 32 P CPP in the pancreas. The injection of 90 Y MS in the liver was not painful, in contrast to ethanol injections [13] . Another mild effect that was observed twice was transient erythema after microbrachytherapy of superficial cervical lymph node metastasis of H&N tumors with 32 P CPP [18] . In the 23 patients from the three case series treated with 90 Y MS, the following four local complications were reported: a rectovesical fistula in prostate cancer, a lung abscess and localized radiation fibrosis in bronchial cancer, and a skin defect in a rhabdomyosarcoma of the nose [10] [11] [12] 14] . In addition, after treatment of pancreas cancer with 32 P, some patients had increased serum amylase as a sign of local damage [14, 15, 21] .
In the randomized trial of 30 patients with pancreas carcinoma treated with a combination of 5FU, 60 Gy EBRT, and gemcitabine [21] , 18 patients were additionally treated with 32 P therapy. A gastrointestinal bleeding was experienced in 15 patients of whom 13 were treated with 32 P. In eight patients, this complication seemed attributable to pancreatic tumor eroding into the duodenum. This complication was described in two other pancreas carcinoma patients treated with 32 P CPP [16, 19] (Table 4) .
Systemic side effects
Hematological abnormalities were a frequently described side effect. This could result from treatment of blood-pooled organs, leaking of activity from microspheres, or disintegration of microspheres into smaller particles. Most of the used radioactive isotopes do have an increased accumulation in bone after leakage, which may result in bone marrow suppression. Pancytopenia was described in 1965 in a patient in whom 10% of the activity leaked from an inadequate batch of 90 Y MS. In the cohort of 48 pancreas carcinoma patients, grade 3 leukopenia and grade 3/4 thrombocytopenia were observed in three and five patients, respectively [15] . Additionally, after treatment of the liver with 90 Y MS, leukopenia was observed in 2 out of 33 patients [13] . However, since the amounts of activity were low (venous samples <11 Bq/ml) [18] , the leakage often did not result in clinical toxicity.
Efficacy
The tumoricidal efficacy of intratumoral treatment with radioactive beta-emitting microparticles was shown in animal models. Forty nude mice with subcutaneous liver tumors were treated with 32 P glass MS. This study did not only show that 32 P glass MS were effective in the treatment of a subcutaneous liver tumor model; it additionally showed a dose-response relation [25] . The tumor-inhibiting rate improved from the lowest dose of 183 Gy to the highest dose of 7320 Gy, from 59.7 to 93.6%, respectively. These results were confirmed in another liver carcinoma line in nude mice with 188 Re [42] (Table 5 ). The efficacy in the human studies was more difficult to interpret as 11/12 were non-comparative studies (Table 4) . However, the results of eight patients with pancreas carcinomas treated with 32 P BioSilicon MS were promising, with two complete responses, two partial responses, and four patients with stable disease after 12 weeks [14] . Furthermore, a survival benefit was found in the responders as compared to the non-responders for 14 head and neck cancer patients treated with 32 P CCP. On the other hand, a survival benefit was not found in the RCT in 30 pancreas cancer patients with a treatment history of 5-FU, EBRT, and gemcitabine. Patients receiving 32 P CCP in addition to standard therapy survived a median of 5.2 months, whereas patients receiving standard therapy alone survived 12.2 months, p = 0.16. A decrease in radiologic tumor size was not detected on CT because cancer persisted along the periphery of the injection sites [21] .
Discussion
In this study, all currently available literature on the potential role of beta-emitting microparticles for IT treatment of solid malignant neoplasms was reviewed. The results of 12 human and 25 animal studies were included. The large variety of particles, techniques, and treated tumors in the studies provided an important insight into issues concerning efficacy, safety, particle and isotope choice, and other concepts for future research.
Is microbrachytherapy effective? Based on the reviewed data, it can be concluded that beta-emitting microparticles seem to be an effective tumoricidal agent. The majority of the studies showed promising results in both humans and animals with complete responses and long-term survival [14] . However, a direct IT injection with tumoricidal particles does not automatically lead to an effective tumor treatment [21] . Obtaining a sufficient dose coverage of all tumor tissue requires the challenging design of an optimal treatment modality with regard to biological stability, injection techniques, dosimetry, biodistribution, etc.
Is microbrachytherapy safe? In the only performed RCT, concerns were raised about the safety of additional IT treatment with small 32 P CPP in pancreas cancer patients treated with 5-fluorouracil, EBRT, and gemcitabine [21] . More patients experienced gastrointestinal bleeding compared to the standard therapy alone. Bleedings were not observed in studies with other particles and other tumors. Other local side effects included manageable discomfort at the injection site. Except for manageable hematological abnormalities, other systemic adverse events were not encountered. Therefore, apart from pancreas tumors, IT treatment seems to be a reasonably safe alternative.
Can we predict complications? Leakage appears to follow the path of least resistance. An easy route of leakage after IT administration is injection canal leakage. The use of a small needle can reduce this. However, care should be taken to prevent premature settling and clotting of microparticles inside the syringe and blocking the needle [5, 31, 32] . A 21G needle seems to be the preferred needle to use. Additional measures to reduce leakage may include slow injection and withdrawal of the needle with slight pressure or injection of obstructing pledget/foam. Other routes of leakage (i.e., intravascular or intraductal) may be caused by injection position, excessive volume, or pressure. Increased permeability of tumor neovascularization may be considered a risk factor for hematogenous leakage. Leakage of an entire dose may happen when a single infusion technique is used [15] . A grid-like injection procedure with larger MS in small volume depots may, therefore, be preferred over the infusion of smaller particles.
H o w m u c h f l u i d s h o u l d b e i n j e c t e d d u r i n g microbrachytherapy? Theoretically, more fluid results in more propelling force and a more homogeneous distribution of microparticles in the target tissue. This should be balanced against the chances of more side effects [46, 47] . The injected volume should probably range between 7 and 30% of the tumor volume [14, 16] as excessive volume or pressure may result in leakage [15, 16] . In addition, intratumoral pressure depends on tumor characteristics and location and should be taken into account [36] [37] [38] . A more viscous fluid may be used to obtain even more control [6, 12] . For example, 25% glucose, fibrin glue, and other formulas were used to improve the injection procedure [14, 30] , or hydrogels such as chitosan [49] .
Which particles should be used? There is a relation between particle size and retention: the larger the particle, the higher the retention. Subsequently, preferences for the larger MS exist. On the other hand, particles must be small enough to distribute evenly throughout the tumor to deliver an adequate homogeneously absorbed dose. The optimal number of particles was not mentioned in the studies, but it is likely to influence biodistribution, safety, and efficacy too, and must be investigated to result in a better understanding of IT injection.
What are the ideal radionuclide characteristics?
90
Y is often considered the ideal isotope, with a high energy, pure betaemitter for easy radiation protection, and an intermediate halflife of 64 h. However, because of the questions related to both IT distribution and retention of microparticles, isotopes with better imaging properties are more suitable for imaging-guided monitoring of IT particle distribution and dosimetry. For leakage to other organs, low-resolution bremsstrahlung scintigraphy is sufficient. However, the resolution of this technique is insufficient for local tumor dose distribution monitoring. SPECT imaging can greatly improve particle distribution measurements for 186 Re, 188 Re, and 166 Ho because of the associated gamma-radiation of 80-200 keV. Furthermore, 166 Ho can be visualized and quantified with CT and MRI [32] . There are several developments in imaging of these isotopes.
Y PET/ CT is also quantitative but requires long acquisition times due to the low number of positrons. Another relative new imaging opportunity is Cerenkov luminescence imaging (CLI) [50] . CLI could provide quantitative high-resolution imaging and image-based dosimetry for a large variety of isotopes [50] [51] [52] . The main limitation of CLI is the limited penetration depth of light of approximately 10 mm into tissue, however very promising, in small animal models [51, 53] .
In addition to imaging characteristics, half-life and beta energy should be considered in relation to efficacy and safety, but also logistics, like production and cost. In this respect, a generator like the tungsten-188/rhenium-188 generator may be beneficial. In theory, a high dose rate (i.e., short half-life) will prevent the recovery of radiation damaged tumor cells and may lead to higher efficacy. In terms of logistics, a short half-life may lead to production and logistic challenges on the one hand, but a shorter hospital stay with fewer restrictions after discharge on the other hand.
IT injections can be performed in a variety of tumor types and organs. Based on the postulated methods of leakage, potential risks of side effects, and more challenging administration, the pancreas seems to be a difficult-to-treat organ. Superficial tumors, such as lymph node metastases of the head and neck region, and liver tumors are better accessible, show minimal leakage, and have minimal side effects. With increasing knowledge, microbrachytherapy may be adjusted to tumor characteristics, for example, the addition of a vasoconstrictive drug in hypervascular tumors.
Conclusion
Intratumoral treatment with radioactive beta-emitting microparticles, microbrachytherapy, in solid malignant neoplasms may have additional value for patients with tumors at various locations. The uncomplicated treatments with high cumulative doses of up to 19,000 Gy suggest that microbrachytherapy is relatively safe. Larger particles resulted in a higher retention and tumorinhibiting efficacy of >90% with an intratumoral absorbed dose of 7320 Gy. A small injected volume of 7-30% of the tumor volume divided in small volume depots, 0.1-0.3 ml, administered in a grid-like injection procedure is preferred. With accurate administration and high-resolution imaging, the efficacy may be improved while the risk of side effects will be reduced. Particles that emit a small amount of gamma-radiation and can be visualized with high-resolution imaging are preferred at this stage. Experiments should be performed in larger tumor models to obtain better clinical relevant data on the IT distribution. Subsequently, the threshold absorbed dose to successfully treat the tumor should be investigated. Furthermore, accurate administration requires skilled physicians and controlled injection, and will be time consuming. In the near future, with advanced technologies such as controllable needle placement and injection systems, the procedure could be performed easily, quickly, and safely for patients and personnel. Ethical approval This article does not contain any studies with human participants or animals performed by any of the authors.
Informed consent For this type of study, formal consent is not required.
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